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Abstract—Electric Energy Storage (EES) is considered as one of 
the promising options for reducing the need for costly upgrades 
in distribution networks in Queensland (QLD). However, It is 
expected, the full potential for storage for distribution upgrade 
deferral cannot be fully realized due to high cost of EES. On the 
other hand, EES used for distribution deferral application can 
support a variety of complementary storage applications such as 
energy price arbitrage, time of use (TOU) energy cost reduction, 
wholesale electricity market ancillary services, and transmission 
upgrade deferral. Aggregation of benefits of these complementary 
storage applications would have the potential for increasing the 
amount of EES that may be financially attractive to defer 
distribution network augmentation in QLD. In this context, this 
paper analyzes distribution upgrade deferral, energy price 
arbitrage, TOU energy cost reduction, and integrated solar PV-
storage benefits of EES devices in QLD. 
   
Index Terms—Energy storage, Power system management, 
Electricity markets  
I. INTRODUCTION 
Recent electricity price escalation in QLD has put 
tremendous pressure on distribution network service providers 
(DNSPs) in QLD to explore strategies for avoiding or 
postponing the costly network upgrades. Peak demand 
management is one of the promising ways in which DNSPs can 
avoid costly network upgrades. Energy storage is considered as 
one of the key technologies in helping DNSPs manage peak 
demand in the network. At the current market prices of EES 
devices, in most of cases, it is not quite cost effective to use 
storage for distribution upgrade deferral alone, whereas 
combining benefits for one or more complementary storage 
applications may provide the extra value needed to justify use 
of storage when it would not be cost-effective for distribution 
deferral alone [1].   
Energy storage can provide multiple benefits across entire 
electricity supply chain from electricity generation, 
transmission, distribution to end use.  A number of studies 
discuss the different energy storage applications that serve 
different functions on the electric grid [2][3][4][5][6][7]. 
Energy price arbitrage, TOU energy cost reduction, rooftop 
residential PV energy storage (for energy cost reduction and 
power quality improvements) applications are the possible 
complementary storage applications to the distribution upgrade 
deferral in QLD distribution networks.   Estimating benefits of 
individual storage applications is one of the principle tasks 
involved in tracking the financial viability of storage.  This is 
because individual benefits provide an indication of financial 
attractiveness of storage for specific applications and base for 
value proposition that comprise two or more individual benefits 
[2].    
There have been few studies that discuss estimation of 
benefits of individual storage application in power systems 
[8][9][10][11][12][13][14]. These existing studies mainly focus 
on estimation of storage benefits for US Power systems. To the 
best of author’s knowledge, there is no published works that 
discuss estimation of storage benefits in the case of Australian 
power system except [14] which estimates benefits of storage 
for LV grid support in Australia using simplified methods. This 
paper estimates price arbitrage benefits of EES devices in QLD 
electricity market using a rigorous methodology based on 
economic scheduling of EES devices.  Further, we estimate 
TOU energy cost reduction benefits of EES and energy cost 
reduction benefits of solar PV /battery hybrid systems to 
residential customers in QLD.     
II. ENERGY PRICE ARBITRAGE BENEFITS OF ELECTRICITY 
STORAGE IN QUEENSLAND 
Price arbitrage involves buying and storing electricity at times 
when electricity prices are low, and selling it back to the grid 
when the price of electricity is high.  In competitive electricity 
markets, when there is a high price volatility, EES can 
generate revenue through price arbitrage. As shown in Fig. 1, 
there is a high price volatility in the QLD electricity market.  
 
 
 
Fig. 1 Demand and price data of Queensland in 2011 
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In the figure, in order to better visualize the average price 
variations, we limit the price axis values to interval [0,500 
$/MWh] by omitting the extreme price values. In the National 
Electricity Market (NEM) in Australia, electricity price can 
swing from -1000$/MWh to 12500$/MWh. In this study, we 
estimate the arbitrage value for small price taking EES and 
large EES devices in QLD during a four year period from 
2008-2011. To estimate the arbitrage benefit of an EES plant, 
we develop a self-scheduling algorithm that maximizes the 
expected profit of price arbitrage subject to technical 
constraints.  
 
Model for estimating arbitrage benefits of a small price taking 
EES device 
In the case of small price taking EES devices, we assume 
that the charging and discharging of EES devices do not affect 
the price of electricity in market. Therefore, the optimum self-
scheduling problem (SSP) of a small EES is formulated for 
given known prices. 
 
There are three basic decision variables in our model. The 
first is dt denoting energy discharged from the EES device at 
hour t (t=1,2,…T), where T is the number of hours during the 
scheduling period. The second is ct denoting energy charged 
into the EES device at hour t, and the third is st denoting 
energy stored in the EES device at hour t. The input 
parameters used in the model are pt  the electricity price in 
hour t,   round trip efficiency of the EES device, cmax rated 
power capacity of the device in MW, dmax the maximum 
allowable discharge level of the device in MW, and  smax  the 
rated energy capacity of the device in MWh. 
 
The objective function of SSP can be expressed as: 
 
Max෍Pt
T
tൌ1
ሺdt െ ctሻ																												 																										ሺ1ሻ 
 
The constraints are: 
 
Storage level constraints: The total storage level at any hour t 
should be equal to the storage level at hour (t-1) plus the total 
effective charge at hour t. That is; 
 
ݏݐ ൌ ݏݐെ1 ൅ ߟ ∗ ܿݐ െ ݀ݐ 			׏	ݐ																																									ሺ2ሻ
Storage charging and discharging constraints: The energy 
charged into the device or discharged from the device at any 
time t cannot be more than the rated power capacity of the 
device. That is  
 
ܿݐ ൑ 		ܥ݉ܽݔ 			׏	ݐ																																																															 ሺ3ሻ 
 
dt ൑ 		 dmax 			׏	t																																			 																												ሺ4ሻ
 
Storage energy constraints: The storage level of the device at 
any time t cannot be more than the rated energy capacity of the 
device. That is  
 
ݏݐ ൑ ݏ݉ܽݔ ׏ ݐ 																													 ሺ5ሻ
 
Model for estimating arbitrage benefits of a large EES device 
 
In the case of large scale deployment of EES, the charging and 
discharging of EES device has an effect on the price of 
electricity.  A Large EES device could flatten the load pattern 
by shifting the large amount of on peak load to off peak load. 
This will result in a similar flattering of price pattern and 
reduce the arbitrage opportunities. Therefore, we develop the 
optimum self-scheduling problem (SSP) of a large EES device 
by taking into account the effect of that its charging and 
discharging has on the price of electricity. Like in the small 
EES case, In this case also there are three basic decision 
variables; they are dt, ct, and st. The main difference here is 
instead of using given known electricity prices, we assume that 
there is a non-decreasing linear relationship between the 
electricity price and demand.  Therefore,  pt in this case is  the 
electricity price hour t  which is a function of demand. The 
complete SSP for a large EES device can be expressed as: 
 
Max෍pt
T
tൌ1
∗ ሺdt െ ctሻ 																												 ሺ6ሻ 
 
Subject to: 
 
Load changes:   
݈݊݁ݓ ,ݐ ൌ ܮ݋݈݀ ,ݐ ൅ ܿݐ െ ݀ݐ        ሺߘ ݐ ሻ            	             ሺ7ሻ
Where Lold,t and is  original load demand at hour t  and lnew,t is 
modified new load demand at hour t due to storage charging 
and discharging. 
 
Price –demand function:      
݌ݐ ൌ ܽ ∗ exp൫b ∗ ݈݊݁ݓ ,ݐ൯     ሺ׏ ݐ ሻ     																	         ሺ8ሻ  
     
Where a and b are the price demand function parameters which 
can be estimated from the historical price demand data. 
Storage level at any time t:      
st ൌ stെ1 ൅ η ∗ ct െ dt        ሺ׏ tሻ                                  ሺ9ሻ
Charging, discharging, and energy constraints: 
     
 ܿݐ ൑   ܥ݉ܽݔ         ሺ׏ ݐሻ                                                   ሺ10ሻ
݀ݐ ൑   ܦ݉ܽݔ     ሺ׏ ݐሻ                                                   ሺ11ሻ
st ൑   smax         ሺ׏ tሻ                                                      ሺ12ሻ
 
Arbitrage Annual benefits of a small price taking EES device 
in QLD 
We estimate the historical annual price arbitrage value for a 
small price taking EES device in QLD from 2008 to 2011 
using the model proposed in section A. For each year, the self-
scheduling of the EES device was optimized to maximize the 
arbitrage profit in the wholesale electricity market.  The 
optimization was carried out one day at a time, using the 
historical wholesale electricity price in QLD [15] for two 
different cases. In first case we consider that EES device 
owner has perfect foresight of electricity prices with price 
spikes (hereafter “price spikes case”). In the second case we 
replace extreme price events (above $400/MWh and below 
$0/MWh) in historical price obtained from the AEMO with 
normal price before the event (hereafter “no price spikes case).   
We consider a small EES device with power capacity 1MW, 
energy capacity of 4 hours of full power capacity (i.e. 4MWh) 
and the roundtrip efficiency of 85%. We formulate the 
proposed SSP of a small EES device in GAMS 23.7 and 
solved using CPLEX solver [16].     
 
Fig.2 shows the estimates of annual arbitrage benefit of the 
EES device for price spikes case and no price spikes case. 
Compared to other years, in year 2008, higher arbitrage 
benefits are observed. This is mainly due to the higher electric 
prices and price volatility in year 20008 due to the prolonged 
drought. When compared the arbitrage benefits of price spike 
case with no price spike case, it is observed that price spikes 
have increased the arbitrage benefits significantly in all years 
considered.   
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Fig.2: Annual price arbitrage benefit of a small EES device in qld 
(in $/kw-yr) 
 
Arbitrage Annual benefits of large EES devices in QLD 
 
This section describes the application of the proposed model 
for estimating annual arbitrage benefits of large EES devices 
in QLD from 2008 to 2011. We assume that there is a non-
decreasing linear relationship between electricity price and 
demand in QLD.  We estimate the parameters of the price-
demand function for each year using the actual price and 
demand data [15]. To examine the effect of size of battery on 
the annual arbitrage benefit, we estimate the annual benefits 
for 7 different battery sizes (they are 250MW, 500MW, 
750MW, 1000MW, 1500MW, 200MW, 2500MW). We 
consider that each battery has efficiency of 85% and energy 
capacity of 4 hours of full power output. Because we assume 
that price-demand relationship is linear, the resulting objective 
function given in Eq.6 becomes quadratic. The model is 
formulated in GAMS 23.7 and solved using CONOPT 3 solver 
[16].    
Fig. 3 shows how the annual price arbitrage benefits would 
change with the battery capacity in year 2008, 2009, 2010, and 
2011.  As shown in the Fig.5, a large deployment EES would 
result in reduction of arbitrage benefits in all years considered.  
This is because large deployment of EES would result in 
smoothing the price pattern by shifting on-peak load to off-
peak load. Compared to other years, in year 2008, higher 
arbitrage benefits are observed due to high price volatility in 
the year.   Our results show that the arbitrage benefits for all 
levels of battery sizes considered are almost same for year 
2009 and year 2011. It is also observed year 2010 has lowest 
annual arbitrage benefits for all battery sizes compared to other 
years considered in this study. This is because year 2010 has 
experienced lower electricity price and price volatility 
compared to other years.  
   
 
 
 
Fig 3: Arbitrage annual benefits at deferent level of storage capacities 
 
 
Arbitrage Lifecycle Benefit of EES device 
 
In the previous section we estimated the yearly arbitrage 
benefits of EES devices. In this section, we estimate the 
arbitrage benefits of EES devices for their full useful lifetime.   
   
 
 
Fig.4: Average annual and lifecycle arbitrage benefits at different level of 
storage capacities 
The arbitrage lifecycle benefit is calculated by multiplying the 
annual arbitrage benefit by present value (PV) factor. The PV 
factor is calculated as 6.14 by assuming 10% of discount rate 
and 10 years of storage life. We assume that annual arbitrage 
benefit is equal to the   average annual benefits over year 2008 
to year 2011.  The estimates of arbitrage lifecycle benefits for 
different battery sizes are given in Fig.4. Our results show that 
it is not cost effective to use storage for energy arbitrage alone. 
 
III. TOU  ENERGY COST REDUCTION BENEFITS OF EES FOR 
QUEENSLAND RESIDENTIAL CUSTOMERS 
 
EES enables customers to change when they draw power 
from the grid to meet their demand. For customers on TOU 
tariff, energy storage allows for energy bill savings due to 
shifting the timing when energy is drawn from the grid. 
Customers charge the EES device during off-peak time when 
the cost of energy is low and discharge the energy during on-
peak time when the cost of energy is high. As such, the EES is 
able to provide economic benefits to its owner. This application 
is similar to energy price arbitrage though electricity prices are 
based on fixed TOU tariff whereas electricity prices at any time 
for arbitrage is the prevailing wholesale price which is highly 
volatile. 
The TOU energy cost reduction benefit is calculated based on 
Tariff 12, the voluntary TOU tariff which was introduced to 
residential customers in QLD in July 2012 [17]. The tariff 12 
TOU electricity prices for weekdays are: Off-Peak (10pm-
7am) 17.133 ȼ/kWh, shoulder (7am-4pm and 8pm-10pm) 
21.432 ȼ /kWh, and Peak (4pm-8pm) 34.923 ȼ /kWh, while 
prices for weekends  are off-Peak (10pm-7am) 17.133 ȼ /kWh, 
and Shoulder (7am-10pm) 21.432 ȼ /kWh. 
 
There are 1040 hours per year during which the on-peak 
electricity price applies for customers on tariff 12. Therefore, 
an EES device of 1kW power capacity and discharge duration 
is four hours would allow the customer to avoid annual on-
peak energy charges of $(34.923/100)*1040 per kW-year 
which is equal to  $363.20/kW-year. The cost to charge the 
storage plant (for 1040 hours of discharge) using off-peak 
energy priced at 17.133¢/kWh is $0.17133*1040*0.85/kW-
year which is equal to $209.63/kW-year. Thus the TOU 
energy cost reduction benefits that can be realized from the 
EES devise is $153.57/kW-year. To express that annual 
benefit in units of $/kW, the annual cost is multiplied by PV 
factor of 6.14 (for 10 years life time) which is equal to 
$943/kW. Even though, TOU energy cost reduction benefits of 
EES is higher than that of energy arbitrage benefits, storage is 
not quite cost effective to use for TOU energy cost reduction 
alone. 
 
IV.  ENERGY COST REDUCTION BENEFITS OF SOLAR PV 
STORAGE SYSTEMS FOR QUEENSLAND RESIDENTIAL 
CUSTOMERS 
As QLD government reduced the solar feed-in-tariff from 44 ȼ 
/kWh to 8 ȼ/kWh, there is a much talk about the role of hybrid 
solar/storage systems.  Solar PV storage systems allow energy 
bill savings to households through storing excess solar 
electricity generation for later use rather than selling it to the 
grid at 8ȼ/kWh. Households in QLD on standard residential 
electricity tariff (Tariff 11) pay about 25ȼ/kWh for the 
electricity from the grid. Therefore, currently it appears that 
solar PV home storage systems with 85% efficiency can save 
about (25*0.85-8) cents per each kWh it stores in battery. 
Average daily electricity generation from a 1 kW rooftop PV 
system in QLD is about 4.2 kWh [18]. As an illustration, if we 
assume that the average PV system exports around 75% of  it’s 
daily PV generation, with 85 % efficient battery,  the 
household would save: 4.2*0.75 kWh*(25*0.85-8) ȼ/kWh 
*365 days, which is equal to $152/kW-yr.    
 
V. DISTRIBUTION NETWORK UPGRADE DEFERRAL BENEFITS  
 
Distribution deferral is a key application for EES devices in 
QLD. Distribution deferral involves use of EES devices for 
heavily loaded distribution networks either to delay the need to 
undertake expensive upgrades or extend the useful life of 
existing distribution equipment. The benefits of distribution 
deferral equal to the annual carrying charges for the capital 
investments that are avoided due the upgrade deferral.   
 
We estimate the distribution deferral benefits by considering a 
200 kW upgrade to a 200 kW distribution system which will 
be needed to supply 220 kW, 242 kW, and 266 kW  in 2013, 
2014, and 2015 respetively to meet 10% growth as shown in 
the Fig.5.  
 
 
Fig. 5: Distribution network peak demand, loading capacity, 
and upgrade requirements    
 
Installation of 20kW, 42 kW, and 66 kW of storage in year 
2013, 2014 and 2015 will defer the need for this distribution 
network equipment upgrade for next three years. According to 
the Energex (Energex is one of the DNSPs of QLD) estimates 
the average investment cost for each additional MW of 
distribution assets is $2 million. The fixed charge of rate of 
0.13 is used to convert this to annuitized costs (or annual 
financial carrying charges). Therefore, average annual cost to 
upgrade distribution equipment in QLD is: 
$2000000*0.13/MW-yr = $260/kW-yr. Annual cost reduction 
realized due to deferral of 200kW Distribution equipment in 
year 2013 is: $260*200/yr= $520000/yr. To avoid this 
distribution upgrade only 20kW of storage is needed in year 
2013. Therefore, distribution deferral benefit of storage in year 
2013 $(520000÷20)/kW-yr = $2600/kW-yr. A Similar 
procedure to calculate benefits for year 2014 and 2015 gives 
benefits of $ 1238, $4/kW-yr respectively for year 2014 and 
2015. This shows that storage can avoid distribution upgrades 
during first two years only.   
 
VI. BENEFITS AGGREGATION 
There are a range of different opportunities for EES in 
distribution networks in QLD involving different stakeholders 
(e.g. distribution network service providers (DNSP), retailers, 
end-users). However, our benefit estimation results for 
different EES applications shows that benefits of individual 
application may not be able to cover the current high cost of 
EES devices.  However, as shown in the Fig. 6, when benefits 
of different applications are aggregated, the combined benefits 
would exceed the cost of the EES device.  
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Fig.6: Benefit aggregation example - Aggregation of dist. deferral and TOU 
cost reduction benefits.  
 
In this example, we have combined the benefits of network 
upgrade deferral to DNSP and TOU energy cost reduction to 
end-users. We consider an EES system with 1kW power 
capacity and 4kWh energy capacity.  We assume that the 
investment cost of the EES device is $4100 comprising unit 
capacity cost of $500/kW and unit energy cost of $900/kWh. 
If we assume that the life time of the storage system is 5 years, 
the total undiscounted distribution upgrade deferral benefits 
during the life time would be only $3838 (this is combined 
upgrade deferral benefits of year 2013 and 2014), which is less 
than the investment cost of the EES system. However, if we 
aggregate the TOU energy cost reduction benefits and   the 
distribution upgrade deferral benefits, the total aggregated 
benefits during the 5 years period would be $4603 which is 
higher than the investment cost.      
 
VII. CONCLUSIONS 
There are a number of storage applications that can provide 
many benefits to the different stakeholders in QLD distribution 
networks. Our results show that storage is not cost effective to 
use for these individual applications alone, whereas, when 
benefits of different applications are aggregated, the combined 
benefits would exceed the cost of the EES device. Other 
compatible applications that can be combined with distribution 
deferral application include transmission upgrade deferral 
application, whole sale electricity market ancillary services 
application and power quality improvement applications in 
distribution networks. We intend to do a comprehensive study 
to estimate the benefits of these applications in future to 
analyze how would benefit aggregation help to increase the 
financial viability of EES to distribution network upgrade 
deferral in QLD. 
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